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M Check for updates

A step towards the next generation of high-capacity, noise-resilient communication
and computing technologies is a substantial increase in the dimensionality of
information space and the synthesis of superposition states on an N-dimensional

(N>2)Hilbert space featuring exotic group symmetries. Despite the rapid
development of photonic devices and systems, on-chip information technologies

are mostly limited to two-level systems owing to the lack of sufficient reconfigurability
to satisfy the stringent requirement for 2(N - 1) degrees of freedom, intrinsically
associated with the increase of synthetic dimensionalities. Even with extensive efforts
dedicated torecently emerged vector lasers and microcavities for the expansion of

dimensionalities

1-10

,itstillremains a challenge to actively tune the diversified,

high-dimensional superposition states of light on demand. Here we demonstrate a
hyperdimensional, spin-orbit microlaser for chip-scale flexible generation and
manipulation of arbitrary four-level states. Two microcavities coupled througha
non-Hermitian synthetic gauge field are designed to emit spin—-orbit-coupled states
of light with six degrees of freedom. The vectorial state of the emitted laser beamiin
free space canbe mapped on a Bloch hypersphere defining an SU(4) symmetry,
demonstrating dynamical generation and reconfiguration of high-dimensional
superposition states with high fidelity.

Information systems today are built upon binary digits (that s, bits),
taking two possible values: O or 1. When dealing with a quantum bit
oritsclassical analogue, any arbitrary coherent superposition of them
isallowed. Such binary representations can be equivalently translated
to a two-level system, where the dynamical evolution and manipula-
tion of the state are conveniently described on a Bloch (or Poincaré)
sphere using the SU(2) algebra™" With the continuously growing
demand for increased information density and security, thereis a
necessity for constructing and exploring a larger Hilbert space
towards ageneric N-level system, realizing effective control on a high-
dimensional Bloch hypersphere (an extension of a Bloch sphere for
an arbitrary N-level system)™*. For example, the SU(4) group repre-
sents unitary operationsin afour-level system where four eigenbases
form afour-dimensional (4D) Hilbert space (Supplementary Section1).
An arbitrary state in it is the superposition of these eigenbases with
four complex coefficients, and the increased dimensionality enables
superdense coding, signal fidelity and accelerated computation with
reduced complexity and increased algorithm efficiency™ . Although
similar mathematical frameworks are being formulated for the SU(N)
symmetry™?, their experimental demonstration has not been realized
so far, in contrast to the two-level system, especially for free space,
long-haul communications. One major challenge is to gain full control
ofthe2(N - 1) degrees of freedom (DOFs) required by ageneric N-level
pure state|W).

Optical beams carrying spin angular momentum provide animpor-
tant class of two-level systems, which can berepresented on astandard
Bloch sphere'. Here the two pole states correspond to orthogonal
polarizations, whereas the rest of the sphere covers all other possible
polarization states of light, with the unitary operators connecting
them via the SU(2) group. Spatial modes, in addition to polarization,
offer a promising route to high-dimensional Hilbert spaces? with the
mathematical framework generalized from the conventional spin Bloch
sphereto the spin-orbit high-order Poincaré sphere (HOPS), by incor-
porating both the spin (s) and the orbital angular momentum (OAM: /)
of light?*%, The complex optical fields described by the HOPS are
non-separable states (except at the poles) with respect to spinand OAM,
and henceimportantin promoting scalar OAM beams to amore general
type of spin-orbit vectorial state, enhancing the spectral efficiency for
ahigh-capacity communication network? 2, Although manipulating
spin-orbit vectorial states of light canin principle generate a4D Hilbert
spaceandits SU(4) algebra, asingle HOPS achieved so faris still limited
to the SU(2) algebra as a subspace of a four-level system™?,

Here we demonstrate a fully integrated semiconductor microlaser
exploiting spin-orbit coupling of light to drastically expand the DOFs
compared with the state of the art’®. Tunable asymmetric couplings
enabled by asyntheticimaginary gauge field"* ' provide flexible con-
trol of up to six DOFs, thus enabling the full coverage of a 4D Hilbert
space. We show versatile spin-orbit-coupled beam emission control,
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Fig.1| The hyperdimensional spin-orbit microlaser.a, Scanningelectron
microscope (SEM) image of the microlaser fabricated onan InGaAsP multiple
quantum wells platform, where two microringlasers are coupled through two
3-dBdirectional couplers (violet) and four control waveguides (red), alongside
six heating pads (green). Itis noted that control waveguides 1-4 are paired with
theiradjacent heating pads1-4. The strength and phase of the coupling are
determined by selective nanosecond pulsed optical pumping on each control
waveguide 1-4 for active gain control and continuous-wave optical pumping on
itsadjacent heating pad 1-4 for thermally induced phase tuning. Heating pads 5
and 6 areimplemented to manipulate the frequency detuning between two
microring lasers. With strategically designed angular gratings, emissions from

demonstrate the precise generation and arbitrary reconfiguration of
high-dimensional superposition states, and characterize the vectorial
coherence of laser emission mapped on the Bloch hypersphere defined
by the SU(4) algebra.

Design of the hyperdimensional microlaser

The hyperdimensional microlaser, emitting in a 4D Hilbert space,
consists of two same-sized microrings fabricated on a IlI-V semi-
conductor platform with 200-nm-thick indium gallium arsenide
phosphide (InGaAsP) multiple quantum wells. The microrings are
coupled through an imaginary gauge formed by four control wave-
guides, which are themselves connected using two 3-dB directional
couplers (Fig.1a,b). Each microring intrinsically supports two degen-
erate modes (clockwise (CW) and counterclockwise (CCW)) at our
target frequency. Therefore, it effectively features an SU(2) group,
and the entire laser can be viewed as a four-level system described
by the following Hamiltonian:

two microlasers feature two pairs of spin-orbit-coupled vectorial states,
covering HOPS1and HOPS 11, respectively. The coupling between two
microrings leads to the coupling between two generated HOPS, represented as
HOPS 1l (see Fig. 3a), forming a Bloch hypersphere defining an SU(4) symmetry
ina4D Hilbertspace. b, SEMimage of the 3-dB directional coupler. ¢, SEM
image of the right microring laser with the angular grating inscribed on the
inner side wall. The diameter of the microringsis 7 pm and the width of the
waveguideis 650 nm. With the orders of angular gratings being 30 and 34 for
theleftandtheright microrings, respectively, their emitted vector beams
carry spin-orbit-coupled states of |[+/-2, /) and |-/+2, 1/V), respectively.

H=
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Here ey, @Weew, @Wewn and @cey,, are the resonant frequencies of
four degenerate modesin the two microring resonators, with the sub-
scripts denoting their chirality (CW and CCW) and location (1, left;
11, right); g, and ig; denote the real frequency detuning and the gain—
loss contrast between the two microring resonators, respectively;
krepresents the effective coupling strength between the two micror-
ings; g,—-g, correspond to the single-pass amplification/attenuation
through control waveguides 1-4, respectively, whereas @,-¢@, are
the accumulated phase when light propagates through each control
waveguide 1-4, respectively. Although the CW and CCW modes in
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Fig.2|Independent emission control on two distinguished HOPS. a, Phase
tuningon HOPS Iwithtwo pole states defined as|NV) = |[+2, ) and|S) = -2, V).
Therelative phase between two pole states can be dynamically tuned by
heating pads1and 2, winding along the equator as demonstrated by four
special states P,-P, with an equal phase difference of t/2. The top panelsin
eachrectangle shows theintensity pattern of captured emission after a
horizontally placed linear polarizer (the direction of the linear polarizer is
denoted by the white arrows), whereas the lower panels map the measured
relative phase between two pole states, both rotating in the same manner
with (@, - ¢,)/4.b, Phase tuning on HOPS Il with two pole states defined as

[N =1-2, Myand |S» = |+2, V), where the relative phase between two pole states
isdynamically tuned by heating pads 3 and 4, rotating with (¢, - ¢,)/4.

the same microring do not couple with each other directly, they
interact through both modes in the other microring resonator. The
fundamental eigenmode of the microlaser can be described as |¥) =
T - - —. -
[Ey rET, where £;=[Ecw,; Eccwil = [_ieszgLilewz egflzgz*‘lewZJ
_ Z _ - T

andEy= [Ecwn Eccwal' = [_i§3zg“+i¢32"’“ e—g—32g4—i—"’3z‘ﬂ aretheeigen-
vectors in the left and the right microrings, respectively, where

72 2 ’
_NgPen’ g

r withg’ = (g,~ig,)/2k and n= 2/&*%)/2(Supplementary
Section 2). It is therefore evident that selective pumping and phase
tuning of the control waveguides quantify four DOFs necessary for
individual control of two SU(2) groups: g, — g, and ¢, — ¢, for the control
ofthechirality and phasein the left ring, and g; - g, and ¢ — @, for the
right ring. In addition, the amplitude and phase of r, which can be
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See ‘Relative phase measurement with Stokes polarimetry’ for the definition
ofazimuthal phaseinthe phase winding maps displayedinaandb. ¢, Chiral
control between |\ and|S;) on HOPSI, enabled by controlled pumping on
control waveguides1and2inFig.1a. Five special states Ps—P, at different
latitudes are characterized, where the intensities of the two spin components
|+2, 1) (left) and|-2, V) (right) are separately measured, revealing the amplitude
ratios between two pole states and thus the state evolution from|N) to|S)).

d, Chiral control between|Ny) and|S;) on HOPS 11, enabled by controlled
pumpingon control waveguides 3and 4 inFig.1a. Five special states at different
latitudes are characterized, where the intensities of the two spin components
|=2, *) (left) and |+2, V) (right) are separately measured, revealing the state
evolution from|N) tolS)).

controlled, for example, by g, and g;, provide two additional DOFs to
realize afull 4D Hilbert space.

To elucidate the SU(4) property of this microlaser, we introduce
three HOPSs with a total of six DOFs. Each HOPS features anorth pole
state|N)and asouth polestate|S), and theiramplitude ratio and relative
phase are represented by the latitude 8 and longitude ¢ on the HOPS,
respectively:

|W(8, @)y = cos(8/2)e PNy + sin(6/2)e?’?|S) (2)

Below, we use HOPS I to depict the left ring with|N))=|+2, 1) and
|Sp =1-2, V), whereasHOPSIIrepresents the rightring with |N,) = -2, )
and |S;) =|+2, V), where we carefully design the microring cavities to
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Pumping chirality

Fig.3|SU(4) Bloch hypersphereby delicate control of inter-ring coupling.
a, Schematic of the formation of aBloch hypersphere and the SU(4) state
control of laser emission. The states on the SU(4) Bloch hypersphere canbe
represented onanested HOPSIII. Because of intrinsic orthogonality between
these two HOPSs, two arbitrary pole states can be selected for HOPSIII, one
fromeach HOPS (IorIl) and constituting acomplete 4D Hilbert space. SU(4)
state controliscompleted on HOPS Il by adjusting two DOFs between the two
microrings: their relative amplitude and phase, corresponding to state tuning
alongthelatitude and longitude, respectively. b, Measured chirality control on
HOPSIII fromits south pole to north pole by differential pumping of two
microrings. Pumping chirality is defined as (P,— P,)/(P,+ P,), where P,and P,
denote the optical pumping power on the left and the right rings, respectively.
Measured chirality is given by (/, - I,)/(/, + 1,), where /;and I, are the intensity of

generate the desired pole states and enable the spin-orbit locking:|N,)
and|Sp are translated from the CCW and the CW modes of the left ring,
andsodo|N,» and|S;)for therightring (Methods). Itis noted that these
four spin-orbit-coupled states overlap completely in both space and
time and share the same diffraction and modal conversion (from free
spaceto fibres and vice versa), so these states can maintain their coher-
ence after long-distance propagation, which is critical for long-haul
communications. The SU(4) hypersphere is completed by HOPSIII. Its
north (south) polestate can be arbitrarily chosen on HOPS I (I) (Fig. 1a).
Itisnoted that the coupling of HOPS Iand HOPS Il on HOPS I, although
each represent a distinct SU(2) group, enables the generation of the
high-dimensional superposition states that cover the entire 4D Hilbert
space. With the full control over the six DOFs discussed above, the
tuning operationsinvolved containarepresentation of the SU(4) group
(Supplementary Section 1).

Manipulation on SU(4) Bloch hypersphere

One prominent feature of our system is that these three HOPSs can be
independently controlled. Here, we first focus on HOPS I and HOPS I1.
Inthelasingmode, g; - g, and @, - @, determine the latitude and longitude
onHOPSI,andsodog; - g,and ¢;— @,on HOPSII. These two HOPSs can
be selectively characterized while the entire microlaser is pumped
(including the control waveguides to maintain the non-Hermitian-
controlled gauge): the emission from one of themis collected and ana-
lysed, one at atime. The gain and phase accumulation in each control

Heater power (mW)

Heater power (mW)

laser emission fromthe left and the right rings, respectively. Error bars
represent the standard error of the mean for sixindividual experiments.

c,d, Phase control to move the state along the latitude of HOPS Il as a function
ofthe power of the continuous-wave laser applied on heating pad 5. In ¢, state
0.9851]+2, 1) +0.1719e'%-55%7|-2, 1) (at §, = 0.1, ¢, = 0.551m) on HOPS I and state
0.4540]-2, 1) +0.8910e'12°07|+2, 1) (at B, ~ 0.70T, ¢, ~ 1.26T) on HOPS Il
areselected, showingalinear phase variation. Error barsrepresent the standard
deviation (s.d.) of 25274 sampling pointsinone experiment.Ind, state
0.7705[+2, 1) +0.6374e™9407|-2, 1) at (0, = 0.44, ¢, ~ 1.941) on HOPS 1 and
state 0.6613|-2, 1) +0.7501e'%22%7|+2, V) at (8, ~ 0.54, ¢,~ 0.23) on HOPS 11
areselected, showing astep-like phase variation on HOPS Il attributed to
supermode hopping. Error barsrepresent thes.d. of 11876 sampling pointsin
oneexperiment.

waveguide canbeindividually tuned by selective optical pumping, using
ananosecond laser, and heating, using a continuous-wave laser, both at
awavelength of 1,064 nm (Methods). For example, by applying equal
optical pumping of the nanosecond laser to waveguides 1 and 2
(thatis, g, = g,), the spin-orbit state of laser emission from the left micro-
ring contains equally weighted|N,) and|S,) and is thus confined along
the equator of HOPSI. To manipulate the state in the longitude, heating
padsland2 (Fig.1a) areselectively excited, where the localtemperature
increase mainly induces the phase accumulationintheiradjacent wave-
guides (that is, @, and @,, respectively). By varying the heating powers
onthe two heating pads, the relative phase ¢, — ¢, can be swept from O
to 2m, enabling the full phase control along the longitude of HOPS |
(Fig. 2a). Non-separability intrinsically associated with spin-
orbit-coupled vectorial statesis validated by placing a horizontally polar-
ized linear polarizer in the optical path. The intensity patterns collected
after thelinear polarizer show4 lobesinthe azimuthal direction, result-
ing from the interference of equally weighted OAM orders of +2; these
patternsrotateasafunctionof (¢, — ¢,)/4, and therelative phase between
the two OAM orders manifests an 81t winding measured using Stokes
polarimetry®? (Methods). Similar phase control can be independently
carried outon HOPSIlinthe right microring (Fig. 2b), using heating pads
3 and 4 to manoeuvre @, - @, in waveguides 3 and 4. The orientation of
the 4 lobesrotatesinthe opposite azimuthal direction because now the
north pole state has/=-2instead of [=2.

To reconfigure the state along the latitude of HOPS 1 and HOPS I,
selective pumping of the nanosecond laser is projected onto the control
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Fig.4|Generationand reconfiguration of SU(4) states.a-d, Characterization
ofahigh-dimensional superpositionstate |¢,) = %(|+2, M +[-2, V) +|-2, M= [+2, 1)),
when equally pumping two microringlasers and four control waveguides but
selectively conducting the temperature difference between heating pads 3 and 4
appropriately.a, Theoretical results of cross-correlation far-field intensity and
phase patterns that capture the vectorial nature of ¢, ). b, The corresponding
experimentally reconstructed patterns, afterimage processing to selectonly
thea.c.componentinrawdata.c,d, Theoretically calculated (c) versus

waveguides to tune their amplification/attenuation rates (for example,
g, - g, for the left microring), and thus, the power ratio between two
pole states, as suggested by the definition of 6. Five special states are
produced along the latitude at ¢ = 0 on HOPS I with an equal spacing
of /2 (Ps-P,in Fig. 2¢c), where the intensities of the two spin components
reveal the evolution of the ratio between |[N) =[+2, )y and |Sp = -2, V),
correspondingto the evolution of the resonant mode in the left micro-
ring from purely CCW to purely CW. Similar chiral control can be inde-
pendently performedin the right microring, by manipulating the state
alongthelatitude of HOPS Il from |N,) = [-2, M) tolS,)) = |+2, V) (Fig.2d).

To complete the state control on the SU(4) Bloch hypersphere,
below we detail the manoeuvre on HOPS IlI, arising from the super-
position of vectorial states on HOPS 1 and HOPS Il (Fig. 3a)™. As afore-
mentioned, their relative amplitude and phase between two vector
beams can be controlled inherently via g;and g, in equation (1), which
do not affect HOPS I and HOPS I1. The gain/loss contrast g; between
the two microrings can be precisely controlled by projecting different
pump powers onto them. Its dominant effect is tuning the latitude
on HOPS II, as can be seen from the continuous variation of emis-
sion power chirality from two rings (Fig. 3b). Phase tuning on HOPS
Illis accomplished with the on-site frequency detuning between two
microrings (that s, g,), by selectively heating pad 5 or pad 6 (Fig. 1)
to create a temperature gradient in the horizontal direction across
the microlaser. Although this procedure may also alter the refractive
index of the control waveguides, and, in turn, the phase accumulation
in each waveguide (that s, ¢,), @, — @, and ¢, - ¢, remain unchanged
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experimentally retrieved (d) density matrix of |¢,), featuring a fidelity of 0.998.
e-h, Thesame asa-d, respectively, butfor|p,) = 72(|+2, M -|-2, M), generated
by equally pumping two microringlasers but selectively pumping only control
waveguides1and 4 and thermally tuning heating pad 5appropriately. Panelse
andfcapture the non-vectorial nature of|y,). Panel h shows experimental
fidelity of 0.942 when compared with g. See Supplementary Section 3 for the
definition ofazimuthal phaseina,b,eandf.

owingto the placements of these two heating pads. Therefore, HOPS |
and HOPS Il are not affected when we move the states on HOPS III.
To demonstrate phase control between two microrings, two experi-
ments under different settings are conducted. In both cases, heat-
ing pad 5 is pumped using the continuous-wave laser with precisely
controlled power, and we choose states at ¢ = 0 on both HOPS I and
HOPSII. The phase difference between two microringsis extracted by
analysing the far-field emission patterns (Supplementary Section 3).
In the first case, the left microring is dominated by the CCW mode
(6,= 0.11mt on HOPS I), whereas both CW and CCW modes exist in the
right microring (6, = 0.70m on HOPS II). The phase difference versus
heating laser power is plotted in Fig. 3¢, showing nearly linear phase
tuninginafull 2 range. In the second case, CW and CCW modes coexist
in both microrings (6, = 0.44mand 6, = 0.541t on HOPS I and HOPS I,
respectively), and m phase jumps are observed in experiments, as
shown in Fig. 3d, which could be explained by supermode hopping
during the power heating scan. It is noted that compared with theo-
retical predictions based on equation (1), our experimental system
revealed richer dynamics, so a wider tuning range of the longitude
on HOPS Il was observed in experiments (Supplementary Section 2).
This deviation, which might be ascribable to a heating-induced more
complex and simultaneous change of parameters in the Hamiltonian,
suggests the limitations of our linear model.

The ability to map the vectorial states on the SU(4) Bloch hypersphere
enables the generation and reconfiguration of intriguing high-dimen-
sional states (Supplementary Videos 1-4) that are resilient to noise,



and therefore, important in computations and communications for
error corrections®. Figure 4 shows the generation and reconfig-
uration between two iconic states using our hyperdimensional
microlaser: ¢1>:%(|+2, My +[-2,¥)+]|-2, 1) |+2,¥)),a spin-orbit high-
dimensional superposition state corresponding to the in-phase super-
position of state P, on HOPS I (Fig. 2a) and state P,on HOPS I (Fig. 2b);
and ‘(pz) = 72(|+2, 1) —|-2, 1)), anon-vectorial state representing the
out-of-phase superposition of P;on HOPS I (Fig. 2c) and P;on HOPS II
(Fig. 2d). In the far field, although the two vector beams overlap per-
fectlyinsize and geometry, interference fringes arise as aresult of their
slightly different emission angles, which experimentally facilitates the
retrieval and analysis of only the cross-correlated term (Supplementary
Section 3). This property allows us to confirm spatiallyinhomogeneous
and vectorial characteristics of the superposition state. For state|y,),
opposite polarization windings from the two rings (see the phase wind-
ingmapsinFig.2a,b) yield a cross-correlation pattern with eight lobes
inthefarfield with their phase alternatingly quantized at either O ort
(Fig.4a,b), where high and low intensity denotes aligned and orthogo-
nal polarizations, respectively. Furthermore, the experimentally meas-
ured density matrix shows high fidelity of 0.998, consistent with the
calculated result (Fig. 4c,d and Supplementary Section 4). Dynamical
reconfiguration of selective pumping can swiftly transform laser emis-
sion from‘zpl)tolwz). Thetwo eigenstatesin|¢,) have the same polariza-
tion, therefore leading to a cross-correlation pattern with uniform
intensity in the far field and a continuous phase winding of 8 in the
azimuthal direction (Fig. 4e,f). The phase winding arises from the phase
difference associated with opposite OAM orders of +2. The experimen-
tally retrieved density matrix also agrees well with theoretical calcula-
tions, showing high fidelity of 0.942 (Fig. 4g,h).

Conclusion

We have demonstrated a non-Hermitian-controlled spin-orbit micro-
laser, whose emitted beams are intrinsically spatially inhomogeneous
and have six DOFs, allowing for the arbitrary generation and dynami-
cal reconfiguration of intriguing high-dimensional superposition
states with high fidelity. Although the current linear model provides a
glimpseinto therichdynamics of our microlaser system, itisimportant
to continue developing a more comprehensive model that takes into
account various thermal and optical nonlinearities for better control
of the superposition state in the 4D Hilbert space. While being classi-
cal, such high-dimensional superposition states, when attenuated to
the single-photon level, can be applied to perform well established
decoy-state protocols® for high-dimensional quantum key distribu-
tion with a higher security key rate®. In addition, intrinsic spin-orbit
non-separability associated with the high-dimensional superposition
state features high-dimensional non-separable states with the poten-
tial to further promote the precision limit in metrology, imaging and
information science® . The carefully selected four spin-orbit-coupled
states have the same propagation properties and completely overlapin
both space and time, thereby maintaining long-distance coherence that
isideal for free space quantum communication. Complementary to the
previously demonstrated N-mode Hilbert space usingintegrated circuits
(where high-dimensionality, represented as superposition states of wave-
guide modes, is limited on-chip)*°, our hyperdimensional microlaser
provides anintegrated solution for the deployment of next-generation
high-capacity, noise-resilient communication technologies.
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Methods

Design of the microring cavity for spin-orbit emission
Thegeometry of the cross-section of the microring resonator (600 nm
wide and 200 nm thick) is designed to enable spin-orbit locking:
left-hand (1: spin-up with s = +1) or right-hand ({: spin-downwith s =-1)
polarization in the evanescent tail of guided mode is locked to only
one chiral mode (either CCW or CW)***#2 The diameter of the micro-
ringsis 7 um, thereby supporting a whispering gallery mode with azi-
muthal order N =33 at the lasing wavelength of approximately 1,538 nm.
Two sets of angular gratings with different orders M=30/34 are
inscribed on the inner side wall of the left and the right microrings
(Fig. 1c), respectively, leading to the total angular momentum for
extracted laser emission: J={+s=C(N-M)=+3/x1,where C=+1for
the CCW and the CW modes, respectively. In other words, the spin-orbit
locked states|/, sy in the left ring are|+2, 1) (CCW) and|-2, V) (CW),
whereasthoseintherightringare|-2, 1) (CCW) and|+2, V) (CW).The
OAMs of the four eigenstates are designed to carry the same topo-
logical charge (thatis, +2) to ensure their perfect spatial overlap in the
far field. As aresult, a4D Hilbert space and its associated SU(4) Bloch
hypersphere are formed by arbitrary coherent superpositions of the
laser emission from these two microrings in free space.

Sample fabrication

The device was fabricated using standard nanofabrication techniques
based on electron beam lithography. Hydrogen silsesquioxane (HSQ)
solutionin methylisobutyl ketone (MIBK) was used as a negative elec-
tron beam lithography resist. The concentration ratio of HSQ (FOX15)
and MIBK was adjusted such that after exposure and development the
resist was sufficiently thick as an etching mask for subsequent dry etch-
ing. The resist was then soft-baked, and the structure was patterned
by electron beam exposure. Electrons convert the HSQ resist to an
amorphous oxide. The patterned wafer was thenimmersed and slightly
stirred in the tetramethylammonium hydroxide solution (MFCD-26) for
120 s and rinsed in de-ionized water for 60 s. The exposed and devel-
oped HSQ pattern served as a mask for the subsequent inductively
coupled plasma (ICP) etching process that uses boron trichloride:argon
plasmawithagasratio of 15:5 standard cubic centimetres per minute,
respectively, with radio frequency (RF) power of 50 W and ICP power of
300 W under achamber pressure of 5 mT. After dry etching, HSQ resist
was removed by immersing the sample in buffered oxide etchant. To
overcome potential ring-to-ring non-uniformity at the nanoscale across
the whole device owing to fabrication imperfection, the sample was
covered with acladdinglayer of silicon nitride using plasma enhanced
chemical vapour deposition to enhance the evanescent coupling
strengths to ensure relatively high coupling despite slight frequency
detuning. The wafer was thenbonded to aglass slide, which functions
asaholder.Finally, the InP substrate was removed by wet etching with
amixture of hydrochloride acid and phosphoric acid.

Experimental set-up and characterizations of the lasing
spectrumand OAM order

The fabricated sampleis characterized using the optical set-up shown
in Extended Data Fig. 1a with respect to its lasing wavelength, OAM
and the control on HOPS. The microlaser is pumped from the back-
side by a nanosecond pulsed laser with a10-kHz repetition rate and
8-ns duration at awavelength of 1,064 nm. The pulsed pumping light
is shaped by a spatial light modulator and imaged onto the sample
through a 4fdemagpnification system (f: focal length) and its intensity
iscontrolled by using acombination of a half waveplate and apolariza-
tion beam splitter. A continuous-wave laser at 1,064 nm for heating is
focused onto the sample by the same x10 microscope objective with
anumerical aperture of 0.28 used in the 4f demagnification system.
Its power is directly controlled by its pumping current. The laser emis-
sion from the front side was collected by a x20 microscope objective

(numerical aperture of 0.42) and guided into a monochromator for
the spectral analysis. The beam was passed through a spatial filter on
demand for beam selection (that is, a pinhole at the imagine plane to
observe the emission from either the left ring, the right ring or both)
and later passed through alinear polarizer at 0°,45°,90°and 135° to the
vertical direction and a combination of a linear polarizer and quarter
waveplate into an imaging system to conduct the Stokes polarimetry
(see ‘Relative phase measurement with Stokes polarimetry’). In addi-
tion, a cylindrical lens is used to characterize the OAM nature of the
emission. Extended Data Fig. 1b,c shows the measured lasing spectrum
from the microlaser (Extended Data Fig. 1b) and the light-light curve
where the kink corresponds to the onset of laser action (that is, laser
threshold) (Extended Data Fig. 1c).

The OAM nature of emissions from the spin—orbit microlaser is veri-
fied by using acylindrical lens that performs aone-dimensional Fourier
transform of the input beam®. The value of OAM charge can be deter-
mined by counting the number of dark lines in the measured patterns
through the cylindrical lens whereas the sign of the OAM charge cor-
responds to the direction of the dark lines. The results confirmed the
chiral control viaselective pumping of the nanosecond laser (Extended
DataFig.2).

Extended Data Fig. 2a shows laser emission from the left microring
and its chiral control on HOPS I. In the scenario where all the control
waveguides except waveguide 2 are pumped, we reach the condition
of g, > g,, which leads to the excitation of only state|N,)=|+2, 1) on
HOPSI. The captured image (unpolarized) shows fringe patterns with
two dark lines pointing to the top-right corner, confirming the OAM
charge of emission to be +2. The polarization state of emission can be
verified by using a combination of a quarter waveplate and a linear
polarizer, showing only the left-handed circular polarization (that is,
spin-up: 7). If all the control waveguides are equally pumped (that is,
8,=8,), laser emission becomes a superposition of |N) =|+2, 1) and
ISy =1-2, V), moving to the equator on HOPS I. Without the selection
of polarizations, there is no clear dark line, indicating no net OAM.
However, if we selectively extract only the left circular polarization
component (thatis, spin-up: 1), the fringe pattern shows two dark lines
pointingto the top-right corner, suggesting the OAM charge to be +2;
however, if only the right circular polarization (that is, spin-down: V)
componentis selected, the fringe pattern shows two dark lines point-
ingto thetop-left corner, manifesting the OAM charge tobe -2.If only
waveguide lis selectively unpumped, we reach the condition of g, > g;,
whichyields the excitation of only state |S;) = |-2, ) on HOPS . Conse-
quently, the unpolarized image is the consistent with the spin-down
image, showing the intrinsic right-hand circular polarization of emis-
sion. The fringe pattern also shows two dark lines pointing to the
top-left corner, validating the OAM charge of -2.

Similarly, Extended Data Fig. 2b shows laser emission from the right
microring andits chiral controlon HOPSIL. If all the control waveguides
exceptwaveguide 3 are pumped, the conditionis g, > g;, correspond-
ing to the excitation of only state|N,)) = |-2, ) on HOPSII. In this case,
the fringe pattern shows two dark lines pointing to the top-left corner
and contains only the spin-up component. At the condition of g; =g,
when all the waveguides are equally pumped, the unpolarized image
shows zero net OAM with its spin-up component corresponding to
[N =12, *)and its spin-down componentbeing|S;)) = [+2, ¥), as sug-
gested by the opposite orientations of the two dark lines in the fringe
patterns. If g; > g,, we observe only the spin-down component with
the OAM charge of +2, verifying the successful excitation of only
[Sip=1+2, V).

Moreover, the chirality of emission on each HOPS (that is, the latitude
of the HOPS) can be systematically controlled by pumping different
control waveguides with different power. Here we define the pumping
chiralityas (P, — P,)/(P, + P,) for HOPS land (P, - P5)/(P, + P;) for HOPSII,
where P;is the pumping power applied on control waveguide i. The
chirality of the emission can be definedasC=(/,-1,)/(I,+1,), where



the intensity of each component can be conveniently measured by
polarizationfiltering to select only the right spin. The experimentally
measured chirality control of both microrings canbe seenin Extended
Data Fig. 3. It is noted that three different conditions on each ring as
shown in Extended Data Fig. 2 correspond to emission chirality of +1,
Oand-1.

Relative phase measurement with Stokes polarimetry

Each individual HOPS represents the superposition of two spin-
orbit-coupled states, where the latitude corresponds to the chirality
between the two states, and the longitude is related to the relative
phase between them. As the two spin-orbit-coupled states carry opposite
spins, their relative phase ¢(x, y) at an arbitrary point on a HOPS
canberetrieved using Stokes polarimetry®: ¢(x, y) = atan 2(S,, S;) + T,
where §;=1y(x,y) —loo(x,y) and S, =1,5(x,y) — I135(x,y) , and Iy(x, y),
145(x, ), Iso(x, y) and I;55(x, y) are the intensities of linear polarization
statesat 0°,45°,90° and 135°. For example, Extended Data Fig. 4 shows
theintensity distribution of six difference polarization states of emis-
sion from the left microring at P, on HOPS I (Fig. 2a), including four
linear polarization states of 0°, 45°, 90° and 135° and two circular
polarization states of spin * and ¥.

Similar to the chiral control shownin Extended DataFig. 3, selectively
exciting heating pads 1-4 using the continuous-wave laser can intro-
duce an active phase-tuning scheme to move the state in the latitude
ofthe HOPS. Extended Data Fig. 5 shows the experimental demonstra-
tion of the control of the phase in the two individual HOPS (Iand II) as
afunction of power difference of the laser beam applied on two pairs
of heating pads 1/2 and 3/4, respectively.

Frequency detuning between two microringlasers

Frequency detuning g, and gain/loss contrast g; between two micro-
ringlasers provide two extraknobsto control the 4D state inthe Bloch
hypersphere. Although g;can be performed by controlling the power
difference between the nanosecond laser applied on the two micro-
rings, g, is conducted by exciting either heating pad 5 or heating pad 6.
Extended DataFig. 6 shows the on-site frequency detuning between the
two microrings as afunction of the power of the continuous-wave laser
applied on heating pad 5. In this experiment, only the two microrings
are pumped by the nanosecond laser, whereas all four control wave-
guides are not. In this manner, the two microrings are uncoupled, so
we canaccurately measure their own resonant wavelengths from their

respective lasing spectra and then determine the wavelength differ-
ence. It is noted that redshifts are observed for the resonant wave-
lengths of both microrings as the heating power increased, arising
from the thermo-optical effect.
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Extended DataFig. 2| Chiral controland OAM characterization of spin-
orbit-coupled emissions from two microrings by acylindrical lens.

a, Characterization of OAM emissions from the left microring under different
pumping and measurement conditions (g, > g,, g, =g, and g, >g)).

b, Characterization of OAM emissions from the right microring under different
pumping and measurement conditions (g, > g,, g, =g,,and g;>>g,).Inbotha
andb, top, middle and bottom rows show unpolarized, left-handed polarized,
andright-handed polarized components of laser emission.



Article

Measured chirality

Pumping chirality

10+
e @ *
.
05} B
.
.
00 L e o
.
.
.
05} *
.
.
10 7. 1 1 1
-1.0 -0.5 0.0 0.5 1.0

Measured chirality

Pumping chirality

Extended DataFig. 3 | Experimental demonstration of chiral controlon HOPSIandIl.a, HOPSIand b, HOPSII.

1.0fF
LI B
.
.
05}
*
.
00f .
.
.
-05} .
.
.

10 al 1 1 1

1.0 05 0.0 05 1.0



Extended DataFig. 4 |Stoke polarimetry toretrieve therelative phase using the Stokes polarimetry. White arrows denote the direction of
betweentwo polestateson HOPS. a, Six polarization states arerecorded polarizations. b, The retrieved relative phase distribution between [+2, 1) and
corresponding to Iy(x, y), I45(x, ¥), log(x,¥), I135(x, y), I,,and I, for phase retrieval |-2, V) components, showing 8m phase windingin the azimuthal direction.
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